Atomic-scale microstructure changes of carbon nanotubes under high bias/high current conditions were studied by in situ high-resolution transmission electron microscopy. We found that high bias voltage caused significant structure changes, such as crystallization and elimination of amorphous coating on the surface of nanotube walls, removal of nanotube walls, and formation of atomic-scale kinks. These structural changes are attributed to high temperatures induced by high bias resistive heating on the nanotubes. These structural changes cause dramatic electronic property changes of the nanotubes correspondingly. The results provide an efficient route to tailor the electronic properties of nanotubes by appropriate structural modifications.
rials as high-power interconnects in electronic devices. For such applications, it is critical to understand the structural stability of nanotubes under extremely high bias/high current conditions. In this letter, the atomic-scale microstructure of individual carbon nanotubes under high bias/high current conditions was investigated by in situ high-resolution transmission electron microscopy ͑HRTEM͒. We found that high bias modified the atomic structure of the nanotube dramatically, thus leading to irreversible electronic property changes to the nanotubes correspondingly.
Multiwall carbon nanotubes ͑MWCNTs͒ with a diameter of 10-20 nm were grown by chemical vapor deposition on carbon fibers with diameter of about 20 m. 2, 3 Before the carbon nanotube growth, a 30-nm-thick stainless-steel ͑type 304͒ film was deposited as catalyst on the carbon fibers by dc magnetron sputtering. The catalyst layer was first heat treated at 660°C in 50 Torr of flowing mixture of H 2 ͑10 sccm, 99.999% purity͒ and N 2 ͑100 sccm, 99.998% purity͒ for 1.5 h to form the required catalyst particles and to enhance the catalyst activity, then the pressure was adjusted to 0.9 Torr by controlling the exhaust valve, and the hydrogen was replaced with C 2 H 2 ͑10 sccm, 99.6% purity͒ for carbon nanotube growth for 1 h. The carbon fibers with MWCNTs grown on them were glued to a gold wire of about 250 m, which in turn is connected to a source electrode. A freshly etched gold probe with an atomic-scale sharp tip was attached to a piezomanipulator, which is further connected to the drain electrode. The whole setup was integrated into a HRTEM sample holder, enabling simultaneously microstructure observation and transport studies. electric breakdown [4] [5] [6] occurred midway of the MWCNT, as shown in Fig. 1͑c͒ . The length of the broken segment is about 50 nm. The breakdown was triggered by resistive heating, and the temperature at the breakdown was estimated to be over 2000°C. 4 The breakdown first eliminated the a-C coated on the surface of the MWCNT, and then peeled off the MWCNT layer-by-layer until a double-walled carbon nanotube ͑DWCNT͒ was formed, as shown in Fig. 1͑d͒ . The DWCNT remained clean under high bias condition, but its diameter was reduced continuously. Because of the diameter reduction, a kink formed between the DWCNT and the MWCNT junction, as indicated by the arrowheads in Fig.  1͑d͒ . Interestingly, when the bias was removed, a-C formed on the DWCNT surface. When ramping up the voltage again ͑about 2.3 V and 80 A͒, the a-C crystallized into disordered graphite instantaneously. We suggest that these series of structural changes were caused by the high temperatures in the nanotube under high bias/high current conditions.
For temperature diagnostic purposes, we deposited Al 2 O 3 nanoparticles on the surface of the nanotube walls, as shown in Fig. 2 . When ramping up the bias voltage to 1.2 V, the encapsulated catalyst Fe nanowire ͓Fig. 2͑a͔͒ was melted ͓Fig. 2͑b͔͒ and then disappeared ͓Fig. 2͑c͔͒; further increasing the bias voltage to 1.7 V caused melting ͓Fig. 2͑c͔͒ and disappearing of the Al 2 O 3 particle ͓Fig. 2͑d͔͒. The melting temperature of bulk Fe is 1540°C and that of bulk Al 2 O 3 is 2054°C. The melting temperature of the Al 2 O 3 nanoparticle ͑ϳ20 nm͒ should be similar to its bulk counterpart, since size effect becomes significant only when the particle size is less than 5 nm. 7 The melting sequence ͑first Fe and then Al 2 O 3 ͒ clearly indicates that the temperature was increased when the bias voltages were ramped up. Breakdown occurred when the bias was further increased to 2.3 V. These sequential structure changes clearly indicate that the temperature of the nanotube was above 2000°C when the DWCNT ͓Fig. 1͑d͔͒ was formed. The result also proves that our nanotubes are the diffusive conductor at high bias voltages. Previous investigations show that the electron meanfree path in these nanotube is less than 20 nm. 4 With the drastic structural changes, the conductivity of the nanotube was changed correspondingly. Figure 3͑a͒ is the conductance ͑dI / dV͒ curves of the different nanotubes shown in Fig. 1 . The dI / dV of the amorphous-coated MWCNT ͓Figs. 1͑a͒ and 1͑b͔͒ and -DWCNT ͓Fig. 1͑e͔͒ exhibit a similar profile, and it increases with the bias voltage parabolically, which is very similar to that of the highly disordered MWCNTs, 8 as shown in the inset to Fig. 3͑a͒ . Temperature-dependent experiment indicated that variable range hopping ͑VRH͒ was the transport mechanism in such highly disordered MWCNTs. 8 Since both the microstructure and the conductance-voltage curves of the a-C-coated MWCNT/DWCNT are similar to those of the highly disordered MWCNTs, it is expected that VRH is the electron transport mechanism in the amorphous coated MWCNT/ DWCNT. In contrast, the conductance of the clean MWCNT increases linearly with the bias voltage, which is similar to the single particle density of states of graphite.
The dI / dV of the clean DWCNT ͓Fig. 1͑d͔͒ drops much faster than linear with voltage, indicating a suppressed conductance near zero bias. The overall line shape exhibits a pseudogap behavior up to the voltage of 1.5 V. Suppressed conductance was observed in single-walled carbon nanotube ͑SWCNT͒ and MWCNT only at extremely low bias ͑Ͻ100 mV͒ and low temperature ͑Ͻ50 K͒. [9] [10] [11] [12] It is very unusual to observe the pseudogap behavior at such a high voltage ͑1.5 V͒ in a DWCNT. The suppressed conductance at low bias and low temperature is related to the long-range electron-electron interaction in a one-dimensional ͑1D͒ system. Two theories are proposed to explain this behavior: One in terms of tunneling into Luttinger liquid, 9, 10 and the other in terms of Coulomb blockage. 11, 12 In both cases, the dI / dV shows a power-law behavior with the bias voltage ͑V͒ and Fig. 1͒ , the DWCNT ͓Fig. 1͑d͔͒, and the amorphous-coated DWCNT ͓Figs. 1͑e͔͒. Inset to lower-left of ͑a͒ is a dI / dV vs V plot of a highly disordered MWCNT. ͑b͒ Double-log plot for the dI / dV curve of the clean DWCNT ͓Fig. 1͑d͔͒. the temperature ͑T͒, i.e., dI / dV ϰ V ␣ at high bias ͑Ͻ100 mV͒, and dI / dV ϰ T ␣ at low temperature ͑Ͻ20 K͒, with ␣ being the same exponent for both the temperatureand bias-dependent conductance. Qualitatively, the larger the ␣, the stronger the electron-electron interaction. For endcontacted SWCNT, ␣ Ϸ 0.6, while for side-contacted SWCNT, ␣ Ϸ 0.3. 9 We plotted dI / dV versus V of the DWCNT in a double-log scale as shown in Fig. 3͑b͒ . The dI / dV scales with V in a straight line, but the exponent ␣ changes from 0.5 to 1 at an inflection point with the voltage being 480 mV. Similar inflection point was also observed in the dI / dV versus T plot in MWCNT. 11 The reason for such a change of ␣ is unclear. The exponent ␣ for the DWCNT is close to that of end-contacted SWCNT. Coulomb blockade theory predict similar power-law behavior to the Luttinger liquid theory, but with a smaller exponent ␣. Although the Luttinger liquid and the Coulomb blockade theories may explain the pseudogap behavior, detailed temperature dependence is needed to clarify this.
We suggest that the pseudogap behavior is more likely related to the kink defects in the DWCNT. In a conventional 1D system, electrons traverse only in a single effective path across the leads, and as a result the transmission is significantly altered by small amount of defects. Molecular dynamic simulation shows that a single defect in a SWCNT can induce a 50% conductance drop near the Fermi energy. 13, 14 It is also shown that a strong isolated defects can even open a transmission gap near the Fermi energy. 13 As a result of the transmission gap, the low bias conductance is greatly reduced from the defect-free case at low bias. An electron cannot hop on to a strongly isolated defect site either due to a large mismatch in the on-site potential or weak bonds with its neighbors. The atomic scale kinks observed in the DWCNT ͓Fig. 1͑d͔͒ are very likely to behave as a strongly isolated defects, leading to the pseudogap behavior. HRTEM observation indicated that the diameter of the DWCNT shrinks and the length of the kink increases continuously under the high bias condition ͑about 2.3 V͒. As such, the zero-bias conductance decreases correspondingly, so that the dip in the dI / dV curves is more pronounced with time, which will finally touch 0 and possibly open a conductance gap. The results support the conclusion that the pseudogap is induced by the kink.
We emphasize that these results show excellent repeatability. Over one hundred nanotubes have been subjected to high-bias thermal breakdown, and almost all the breakdown resulted in the formation of either SWCNT or DWCNT junctions. Once the breakdown occurred, the electronic property changed instantaneously. These results provide an efficient route to tailor the electronic properties of carbon nanotubes by appropriate structural modifications.
In conclusion, high-bias electron transport study conducted concurrently with atomicscale microstructure observation indicates clearly that high bias caused significant structure changes to the nanotubes, therefore modified the electric property correspondingly. The result provides an effective way to produce DWCNT/SWCNT junctions with controlled conductivity for electronic and electromechanical applications. 
